Our work explores an approach to learning types of usability concerns considered useful for the management of Web sites and to identifying usability concerns based on these learned models. By having one or more Web site managers rate a subset of pages in a site based on a number of usability criteria, we build a model that determines what automatically measurable characteristics are correlated to issues identified. To test this approach, we collected usability assessments from twelve students pursuing advanced degrees in the area of computer-human interaction. These students were divided into two groups and given different scenarios of use of a Web site. They assessed the usability of Web pages from the site, and their data was divided into a training set, used to find models, and a prediction set, used to evaluate the relative quality of models. Results show that the learned models predicted remaining data for one scenario in more categories of usability than did the single model found under the alternate scenario. Results also show how systems may prioritize usability problems for Web site managers by probability of occurrence rather than by merely listing pages that break specific rules, as provided by some current tools.
INTRODUCTION
The quality of experience that people have when visiting a Web site is a concern, and one challenge is to ensure the usability of the site. Tools supporting identification of usability issues, such as the LIFT Machine by Usablenet, Inc. [17] , find exceptions to general rules about good usability. These tools provide lists of potential problems to Web site managers who must then decide whether to change content or properties of pages. These approaches do not differentiate between the usability concerns of different sites -the list of usability issues is the same regardless of whether the site is used continuously by experts or occasionally by novices. While helpful, listing exceptions to rules does not convey their importance to those who manage or use the site. This paper describes a novel approach to identifying usability concerns for Web sites that takes into account the expected use of the site. The approach applies a machine learning technique to identify what characteristics of a site are important or unimportant for the expected contextual use. Similar to the approach of Ivory et al. [12, 14] , the approach extracts properties of Web pages that are indicative of usability issues. The process asks Web site administrators to rate the usability of a sample of pages according to a few criteria. The sample of pages is used as a training set, and the assessed ratings and quantitative measurements of properties are used to develop contextspecific usability models. Web site administrators may then apply a model to the remaining pages of the Web site. Examples of properties are number of words, number of hypertext links, and number of images.
The method identifies pages that are likely to have ratings for severity of issues with usability within ranges bounded by threshold values calculated with the prediction set. The approach categorizes Web pages on the basis of their calculated severity of usability issues. Predicted ratings for overall quality of usability are another kind of result. The method predicts ratings in five specific categories of usability. The system described in this study finds models by means of linear regression analysis using assessed ratings and measurements of properties. The architecture allows for a wide range of properties to be measured.
In this approach, the method to learn usability models is independent of the quantitative properties used for Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. prediction. Web site managers may apply different quantitative tools to the analysis of Web pages of a site. This flexibility allows comparing probabilities of models resulting from properties measured by different tools. Our expectation is that different expected contexts of use (e.g. elementary school students vs. use domain experts) will be predicted by different sets of page properties.
Our evaluation of this approach is based on the acquisition of Web page properties by applying multiple software tools to the analysis of pages from a single Web site. The system applies the method with the objective of generating a list of pages ordered by estimated importance of usability problems. The list serves to focus the attention of managers on those pages that most need inspection.
This study contributes to previous work on techniques for automatically assessing the usability of Web sites [12] [13] [14] by considering examples of contexts of why people use a Web site. Participants in our study were given one of two scenarios of use. Each scenario is about a group of people who use the site to accomplish different goals. The two groups of subjects then assessed the usability of a set of Web pages. Thus one research question is whether models generated based on a subset of the usability ratings for a specific scenario are better at predicting usability ratings for the remainder of the ratings for that scenario.
The next section provides additional details concerning our overall approach. This is followed by an overview of related work in the area of automated usability analysis of Web pages. Section 4 describes our system and its use. Sections 5, 6 , and 7 present the evaluation method, results, and discussion.
APPROACH
Our approach for learning usability assessment models explores the potential for automation of context-specific usability assessment at page level. Figure 1 diagrams the model generation process.
Figure 1. Model development process
The current system uses two software tools to collect properties of Web pages. The first is developed specifically for our efforts and computes properties described in Ivory et al. [14] that correlated with rankings of quality. The second software tool is commercially available, the LIFT Machine by Usablenet, Inc. [17] . Among many capabilities, the LIFT Machine identifies properties considered important for general usability. In practice, Web site managers using our system would choose either of these tools, or both, in analysis of a site. Future versions of our system could easily incorporate additional tools.
The second data set used in the modeling process consists of a limited number of human-generated assessments of the usability of Web pages sampled from the Web site. The human assessments are assumed to take into account the expected tasks performed when accessing the Web site and expected community of users. In order to generate a model that will be of value across the Web site, the sample of pages needs to include those that represent the variety of activities, communities and content of the site. Currently, the approach assumes confirmation of variety by human assessors.
Given these two data sets, linear regression is used to calculate the function that maps values of each property to an effect on assessed usability. It is this process that determines which values of properties provide evidence of issues with usability and which properties and their values have no evidential value in assessing usability. While we have decided to use a linear regression technique, future work may explore other machine learning approaches.
RELATED WORK
There is a variety of research related to the problem of analyzing the usability of Web pages. As the number of sites grows, so will the needs for resources to assess their usability, and automated tools have a role in meeting this need [3] .
Nielsen's influential work on usability engineering [16] offers a description of usability as contributing attributes of learnability, efficiency, memorability, management of errors, and satisfaction. Usability of software may differ under different contextual uses. An approach to measure usability is for a representative sample from a population for whom a product is intended to test the product.
In the document ISO 9241-11:1998 regarding software metrics and quality [9] , a definition of context of use is: "Users, tasks, equipment (hardware, software and materials), and the physical and social environments in which a product is used …" (p. 6) which contributes to a definition of usability, which is the "… extent to which a product may be used by specified users to achieve specified goals with effectiveness, efficiency and satisfaction in a specified context of use" (p. 6.) Effectiveness, efficiency, and satisfaction are components of usability [9] . This research includes flexibility and satisfaction as measurable attributes of usability.
Measurements of usability under a context of use may not apply under a different context of use. If a goal is to generalize findings, many measurements under different contexts of use with representatives of different groups of users is a useful approach [9] . This study tests for differences between ratings under different contextual uses.
Automated assessment of the usability of Web sites is an underexplored area of research [4, 11] . In a series of studies, Ivory et al. [12] [13] [14] proposed and tested automated methods that statistically predicted whether or not sites were ranked highly for quality. They found that several measurements of properties of pages correlated with rankings of quality. In their study, quality was that which gave "value to users, content and design" in contribution to "popularity" of a product [14] . They selected 463 informational sites and sources of review, one of which was the Webby Awards [8] . Ivory et al. [12] continued their work by testing thresholds and ratings. They arbitrarily chose thresholds set at an upper 33% for top-ranked and a lower 33% for bottom ranked sites. This partitioned the distribution of ratings into categories of good, average, and poor. Their software tool, an expanded version of Web TANGO, collected 157 properties. Using 333 sites evaluated in the 2000 Webby Awards [8] , they processed sites into six different topical categories (education, community, living, health, services, and finance). They then applied a decision tree classifier and generated 144 rules based on properties that correlated significantly with rankings. The classifier returned an accuracy for correctly predicting classifications of Web sites of 94% overall.
To test usefulness of their model to find correctable issues, Ivory et al. [12] applied the classifier against a small Web site (nine pages) in the category of Yahoo! Education/Health. The classifier identified the site as having a low quality ranking. They then changed properties identified and applied the classifier again. This time the tool ranked the site higher.
Our work explores the potential for learning contextspecific models that predict usability in relation to thresholds. The models found not considered generally applicable to other sites. This is in contrast to models that rank all sites into different categorical topics [11] .
DESCRIPTION OF THE SYSTEM
As described previously, our search for context-specific models relies on extracting page characteristics (properties) and collecting human assessments (ratings) for a set of Web pages (training set). In this section, we first describe details of this process and then how results of the learned model Figure 2 . Design of the system are compared to human assessments by testing an additional set of Web pages (prediction set). Figure 2 shows a design of the system. The approach is partially automated.
The design is modeled after a generic search engine [5] . The system contains software tools contained in Metrics Processing called Metric Collection Tools (MCTs). MCTs parse Web pages for data about properties. In this study, the two MCTs tested collect data for non-intersecting sets of properties. We find measurements and ratings that correlate (p < 0.05) and, with models built, compute likelihoods, a.k.a. precisions, and accuracy. In the design, Rating & Ordering rates and orders pages for managers.
The Web Page Metric Analyzer, or WPMA, is a MCT that parses Web pages for fifteen properties. The fifteen include eleven selected for use by Ivory et al. [14] in their studies. Inspection of pages found these fifteen properties amenable to quantitative analysis. Implementation of the WPMA was specific to the Web site chosen; a more general parser would be needed to capture the same properties from other Web sites. The second MCT used is the commercial product called the LIFT Machine [17] . Usablenet, Inc. had associated properties with a guideline about good practices for general usability [17] .
The Web Site
The study selected an informational site about the NASA Hubble Space Telescope made available at http://hubblesite.org through the Space Telescope Science Institute (STScI) and NASA [20] . In 2007, the International Academy of Digital Arts and Sciences (IADAS) recognized hubblesite.org as Best Science Website [8] .
A product called HTTrack Website Copier, version 3.41-3 [19] , downloaded the Web site from hubblesite.org on . This Web crawler copied all files to a depth of three levels starting from the home page. All files went to the Data Store. MCTs analyzed Web pages with file extensions of .html. The approach analyzed static pages but not embedded scripts or objects.
Web Page Metric Analyzer
The Web Page Metric Analyzer (WPMA) quantitatively measures fifteen structural properties of Web pages. An acronym follows a description of each test. The tool tests properties associated with Web sites judged to exhibit good or poor quality [10] . The WPMA tests properties that are not tested by the LIFT Machine.
The LIFT Machine
The LIFT Machine contains rules that measure general usability of Web sites as applicable to people with or without visual and mobility limitations [11, 17] . The software tool generates assessments by applying 27 tests in five categories [17] .
Effectiveness (EFF) 
Precision and Accuracies
This study uses two kinds of precision that are defined for this study. Each is a ratio, and for each the numerator is the count of pages having both predicted and assessed ratings on the same side of a threshold, or cut-off value. For the first kind of precision, the denominator is the count of all predicted ratings that fall on the same side of the threshold as those counted for the numerator. The second kind uses the total number of predicted ratings, which also equals the total number of pages tested.
To demonstrate how the two kinds of precision might be used, a manager applies a model that rates severity of issues with Effectiveness. Developers are to inspect the use of the property (the predictor in the model) in all pages rating at or above the threshold. The model finds that twenty-five percent of all pages test above the threshold. This is an example of the second kind of precision. Examining only those pages with predicted ratings at or above the threshold, developers know that the model will predict 75% will have assessed ratings at or above the threshold. This is an example of the first kind of precision.
Accuracy is the mean of residuals. A residual is the difference between the absolute values of assessed and predicted ratings for a measurement taken of property. If accuracy is zero, the model is perfectly predictive [1, 15] . Such a model would predict the assessed rating correctly for a page tested.
The approach chose threshold of a model to be the mean of ratings predicted by that model. The decision to use the mean of predicted ratings was arbitrary. Consequently, two models might have different thresholds. In this study, there was no interpretation of a Web page as having "good" or "poor" usability based on the number of ratings falling above or below a threshold. The study proposes an approach that allows Users, such as Web site managers, to set requirements for thresholds.
In this study, we test if it is possible to build bivariate models in each category. Due to limitations with resources, we built multivariate models for Overall Usability only. Practical application of the approach would want to test for other types of models. If more than one model appears in the same category, the study compares their precisions and accuracies. A goal is to find the model having the higher precision or better accuracy. Managers may choose which model to apply based on their needs.
GUIDELINE
Subjects assess Web pages from the selected site by identifying and rating severity of issues. They also rate pages for overall usability. They apply a guideline having five categories of usability, and the approach added a description for Overall Usability. Except for Overall Usability, the categories and their descriptions came from documentation available from the UsableNet Web site (http://www.usablenet.com), in the Describe Package under "Resources," for the LIFT Machine, version 1.9, 2004-2005 . (Access requires permission from UsableNet, Inc.). Subjects give a comprehensive rating, called the "assessed rating," in each category for the Web page they review. The following lists these categories and descriptions.
1. Effectiveness -Persons visiting the site should be able to accomplish their goals, such as finding information.
2. Flexibility -There should be more than one way to reach a goal. This also means that people should be able to use the site if the page appears in browser windows of different sizes.
3. Navigability -People should find it easy to learn where they are in a site as well as how to go elsewhere within the site. They should be able to remember where a page is if they return to the site.
4. Satisfaction -People should not tire or become upset when using a site. They should find the experience satisfying and satisfactory.
5. Visitor Efficiency -People should find that the ease of use and performance of the site are satisfactory. This can include obtaining pages, determining if those pages are useful, and finding hypertext links to other pages.
6. Overall Usability -the quality of usability of a Web page overall.
Subjects rate pages by category on a scale from 0 (no issues) to 5 (severe issues). They rate Overall Usability on a scale from 1 (very worst) to 10 (very best).
EXPERIMENTS
To evaluate this approach, our study addresses the following questions: Experiments took place in the spring semester of 2009 at the Evans Library Annex on the campus of Texas A&M University. Twelve participants were randomly divided into two groups of six. The groups assessed the same downloaded version of hubblesite.org [21] . All subjects were graduate students with the Department of Computer Science and Engineering. All had taken coursework in the area of computer-human interaction.
The first group assessed pages under Scenario 1, and the group had four men and two women. Of these subjects, one was between 18 and 25 years old, two were between 25 and 30, two were between 30 and 34, and one was between 40 and 45.
The second group assessed the usability of the site under Scenario 2. The second group had six men, of who four were between 25 and 30 years of age. One person was between 30 and 34, and the sixth person was between 40 and 45.
All subjects participated under controlled conditions. Each sat alone in a room with Each experimental session lasted no more than two hours, and the proctor offered each subject at conclusion a gift card valued at $25.00. The design of the experiment had received approval by the Institutional Review Board of Texas A&M University for participation of humans in experiments.
Subjects could navigate the downloaded site freely but could only give assessments for certain pages. The approach selected 102 out of a total of 2,017 Web pages and assigned each a unique number, called a PageID. The number and name of page appeared in the title of the HTML heading and at the top of the browser window. There were no modifications to Web pages except for adding PageIDs and inactivating search capabilities built into pages. Pages receiving a PageID were those reachable by top and side menus as well as hypertext links within the body of pages. The home page also had a PageID. The structure of the site was like a hierarchy with a top-level home page and with pages at lower levels linking back home as well as to other pages at the higher, the same, and deeper levels.
When first encountering a page, subjects determined if it had a PageID. If so, they recorded the number and their ratings on a paper form. During assessments, they used the guideline described earlier. To aid their exploration of the site, both groups received identical lists of ten questions. Some marked the number of questions answered, but start and end times to answer questions were not recorded.  Of what in space has the telescope taken images most recently?
RESULTS
Results confirmed that the approach builds models in the categories of usability as well as for Overall Usability. The models used properties measured by both software tools tested. More than one model appeared within categories of usability under one scenario of use, and the approach found models for Navigability under both scenarios. Testing with multivariate regression built two models for Overall Usability under Scenario 1 but only one under Scenario 2.
Inputs to models as shown in Table 1 are properties tested by the WPMA and in Table 2 by the LIFT Machine. Table  3 lists the predictor of the single model found under Scenario 2. In all, the study found seventeen bivariate linear regression models and three multivariate linear models.
At conclusion of experiments, both groups of Subjects had assessed 63 Web pages in common. Selecting 32 of these pages randomly as the training set, analysis found correlations under each scenario between predictors (measurements of properties) and response variables (assessed ratings.) The remaining 31 pages served as the prediction set.
Finding Models
In all, the approach found six models with the WPMA and nine with the LIFT Machine under Scenario No. 1. Under Scenario No. 2, only measurements with the LIFT Machine resulted in a model. Table 1 lists models found with the WPMA under Scenario 1 (middle school children.) Model 4 had the best fit to data using the training set with an F statistic of 20.284 and p = 0.000. To understand variability of response variables as accounted for by predictors, the approach calculated coefficients of determination (R 2 ). Adjusted R 2 describes how well a model may generalize if more predictors are added to the model. Predictor(s) may be missing if R 2 and adjusted R 2 are significantly different [6] .
Except for model 4, predictors of models found with the WPMA accounted for less than 20% of the variability of assessed ratings. Of the models found for Flexibility (FLX) and Navigability (NAV), the highest R 2 and adjusted R 2 respectively were 0.158 and 0.130 for model 2 and 0.403 and 0.384 for model 4. For other categories, the R 2 and adjusted R 2 of model 1 (Overall Usability) were 0.135 and 0.106. For Satisfaction (SAT), the R 2 and adjusted R 2 of model 6 were 0.161 and 0.133. Table 2 under Scenario 1, results with the LIFT Machine produced nine models. Like the WPMA, models appeared in three categories (NAV, OU, and SAT) but did not include models for FLX. For NAV, model 7 had a R 2 and adjusted R 2 of 0.245 and 0.220 respectively. Of the three models (8, 9, and 10) for SAT, model 10 had the highest R 2 and adjusted R 2 with 0.287 and 0.263. Of the five models for Overall Usability, model 15 had highest R 2 and adjusted R 2 of 0.213 and 0.186. Except for model 4, the predictors of models built with the LIFT Machine accounted for more variability than those used with the WPMA. Model 4 for NAV had a higher adjusted R2 than did model 7 (0.384 versus 0.220.) Table 3 shows the model found under Scenario 2 (astronomers.) The R 2 and adjusted R 2 for NAV were 0.641 and 0.630, which are higher than those found with any model for the category under Scenario 1. Under Scenario 2, testing for bivariate models by using the WPMA did not build any models. Predictors of model 16 and model 7 are comparable. The system is designed to apply multiple software tools when testing properties of Web pages. Results show it is possible to build more than one model under the same category of usability. Within a category, a model may have a property that accounts for more of the variability found with severity of issues than found with other models. This does not imply that results of this study apply to other sites. This study tests the usefulness of an approach for building models associated with context of use. Figure 3 illustrates a plot of data of the prediction set using a bivariate model. The study found no significant difference (paired t test, p < 0.05) between predicted and assessed ratings for any model within the same scenario. To test if models were interchangeable within the same category, the study found no significant difference (paired t test, p < 0.05) between mean predicted ratings for any combination of models in any category except Overall Usability. 
As listed in

Models by Multiple Regression
The study tested for Overall Usability by using multiple predictors. If predictors influencing the variability of a response variable are not in a model, R 2 and adjusted R 2 may differ. If included, accuracy of predictions might improve [7] .
Model building found three multivariate models for Overall Usability. The study applied successive stepwise testing predictors against the response variable [18] . The probability of F required for a predictor to enter the model was less than or equal to 0.05, and the F required to remove a predictor was greater than or equal to 100. Table 4 lists the three multivariate models found.
M3 was bivariate and has the following formula:
The R 2 and adjusted R 2 of M1 (0.417, 0.397 respectively) and M2 (0.366, 0.345 respectively) under Scenario 1 were higher than found with the WPMA for bivariate model 1. This applied also for bivariate models 11 through 15. The predictors of multivariate models accounted for more of the variability in assessed ratings. For Overall Usability, the adjusted R 2 of M1 (0.397) and M2 (0.345) were higher than those of bivariate models, of which model 15 had the highest adjusted R 2 at 0.186.
Precision
The two kinds of precision are described previously in the subsection "Precision and Accuracies." The study sought models with highest first or second precision. Overall, ratios for first precision were generally higher than those of second precision. Comparing results from multivariate and bivariate models for Overall Usability under Scenario 1, multivariate models had first precisions greater than 0.7. Results using the LIFT Machine were typically largest. The highest was M2 at 0.896. For the second kind of precision, the value of each model was lower than 0.5. The exception was M2 with a value of 0.683.
Principal Component Analysis
Principal component analysis (PCA) is a method of describing variability within a set of scalar data [18, 22] . The approach applied PCA to find percentages of variability accounted for by the five categories. For Scenario 1, the one component found accounted for 67.46% of variability in assessed ratings. For Scenario 2, the approach again found a single component, but it accounted for more, 72.43%, of the variability.
DISCUSSION
Results showed that the approach built several models under different scenarios of contextual use. The approach demonstrated an advantage of using more than one software tool. Under Scenario 1 (middle school children), bivariate models predicted severity of issues in categories of Flexibility, Navigability, and Satisfaction. The one model built under Scenario 2 (graduate-level astronomers) predicted severity of issues with Navigability. Some models predicted ratings with greater accuracy than others within the same category of usability and scenario. Accuracy and precision of models under Scenario 1 were different within categories as well as Overall Usability. Between scenarios, ratings from models as well as from usability assessments were different p < 0.05) for Overall Usability. Overall, the approach may benefit Web site managers who wish to identify Web pages that are likely to rate low for usability under a context of use. Future research may automate more of the model building, test other sites, and apply models like decision trees.
A question arose about usefulness of Web-based documents under document triage compared to usability as tested in this study. Document triage "is the practice of quickly determining the merit and disposition of relevant documents" (page 130) [2] . It appears that quickly assessing usefulness and predicting usability of Web pages are approaches with different objectives.
The results of this study differ from those of Bae et al. [2] . Stylistic properties correlated with usability ratings in our study but did not appear to do so in their study about triage for usefulness. The approaches tested for "useful" versus "usable" and showed differences between using triage for potentially useful content versus assessing for possible usability concerns. The approach designed, built, and tested a system that built models. Software tools collected measurements from Web pages, and analysis found relationships with ratings of usability issues as given in usability assessments. The current system requires human intervention to carry out assessments and statistical analysis. The design of the system accommodates automation by applying different software tools to the problem of building models. Assessments were performed under controlled experimental conditions, and the study applied different scenarios of use.
The numbers of models build under each scenario were different. Predicted and assessed ratings for Navigability were similar between scenarios but differed for Overall Usability. Web site managers may find the approach useful if testing Web pages for possible rework for usability issues. Future studies may apply the approach to test other Web sites, automate more of the system, and build other types of models.
